ABSTRACT: The potential effects of ocean warming on marine predators are largely unknown, though the impact on the distribution of prey in vertical space may have far reaching impacts on diving predators such as southern elephant seals. We used data from satellite-tracked southern elephant seals from Marion Island to investigate the relationship between their dive characteristics (dive depths, dive durations and time-at-depth index values) and environmental variables (temperature at depth, depth of maximum temperature below 100 m, frontal zone and bathymetry) as well as other demographic and behavioural variables (migration stage, age-class, track day and vertical diel strategy). While other variables, such as bathymetry and vertical diel strategy also influenced dive depth, our results consistently indicated a significant influence of temperature at depth on dive depths. This relationship was positive for all groups of animals, indicating that seals dived to deeper depths when foraging in warmer waters. Female seals adjusted their dive depths proportionally more than males in warmer water. Dive durations were also influenced by temperature at depth, though to a lesser extent. Results from time-at-depth indices showed that both male and female seals spent less time at targeted dive depths in warmer water, and were presumably less successful foragers when diving in warmer water. Continued warming of the Southern Ocean may result in the distribution of prey for southern elephant seals shifting either poleward and/or to increasing depths. Marion Island elephant seals are expected to adapt their ranging and diving behaviour accordingly, though such changes may result in greater physiological costs associated with foraging.
INTRODUCTION
The world's oceans are warming and this trend is likely to continue as climate impacts become more pronounced (Levitus et al. 2000 , Solomon et al. 2009 ). The Southern Ocean in particular is warming. Recent studies have shown that, since the 1950s, the Antarctic Circumpolar Current (ACC) has strengthened and migrated southwards by 50 to 70 km, resulting in an increase in global ocean temperatures in the upper 1000 m (Gille 2002) . This warming has further been linked to changes in wind stress, which has shown a southward expansion of the Southern Hemisphere westerlies over a 30 yr period (Large & Yeager 2004) , thereby influencing the Southern Ocean eddy field and its contribution to the poleward heat flux (Meredith & Hogg 2006) . Indeed, hydrographic data collected north of the Prince Edward Islands for the period 1959 to 1999 indicate a positive trend in the southward migration of the Subantarctic Front (SAF) (Pakhomov & Chown 2003 , Ansorge et al. 2009 ). The most rapid warming appears to be concentrated along the Subantarctic Belt (Le Roux & McGeoch 2008) and at the SAF (Gille 2002) . Such changes in water temperature are causing complex changes in marine ecosystems across the world, notably changes in species' geographic distributions accompanied by simultaneous changes in vertical distribution (Perry et al. 2005 , Dulvy et al. 2008 , Nye et al. 2009 ). The effects of such climate changes on marine mammals may be direct (e.g. through loss of habitat from seaice breakup, Ferguson et al. 2005) , or indirect (e.g. through changes in prey availability and distribution, susceptibility to diseases etc., Learmonth et al. 2006 , Simmonds & Isaac 2007 .
The distribution of prey species in time and space influences the dive behaviour of marine mammals, especially pinnipeds , Harcourt et al. 2002 . Southern elephant seals Mirounga leonina are high trophic level predators in the Southern Ocean and have a circumpolar distribution (Le Boeuf & Laws 1994) . Links have previously been explored between population demographics of the species and climatic changes, suggesting that first year survival may be affected by changes in oceanographic conditions related to the El Niño Southern Oscillation (ENSO) (McMahon & Burton 2005) . The distribution and dive behaviour of elephant seals has also been related to oceanographic conditions. Some southern elephant seals from the Kerguelen Islands tend to focus their forage efforts on zones with specific temperature signatures (Bailleul et al. 2007 ). Female southern elephant seals from Macquarie Island apparently do not alter their dive behaviour in response to changes in thermal structure, though differences in dive behaviour are evident as seals move between different water bodies (Field et al. 2001) . Broaderscale assessments have described associations of forage locations with inter-frontal zones (Jonker & Bester 1998 , van den Hoff et al. 2002 , continental shelves and areas close to the Antarctic ice edge (Bornemann et al. 2000 , Tosh et al. 2009 ), as well as mesoscale features such as eddies (Bailleul et al. 2010b , Dragon et al. 2010 . The use of oceanographic data collected in situ by animal-borne devices may further enhance our understanding of diving responses to oceanographic conditions. Marion Island (46°54' S, 37°45' E) is one of 2 islands that together form the Prince Edward Islands (PEI). Southern elephant seals from Marion Island forage over a wide area of the Southern Ocean that stret ches from the Antarctic shelf in the south to areas north of the SAF in the north (Jonker & Bester 1998 , Tosh 2010 . Animals typically return to the island twice a year, for giving birth, nursing pups and mating during the austral spring, and again for moulting later in the austral summer (Le Boeuf & Laws 1994) . This results in 2 forage migrations per year, a postmoult (PM) trip lasting up to 9 mo, and a shorter postbreeding (PB) trip of approximately 3 mo. The Marion Island population is one of the northernmost breeding colonies and its animals are extreme divers that spend more than 65% of their lives at sea in depths deeper than 100 m (McIntyre et al. 2010a) . Although short-term variability (i.e. changes in eddy intensity or frequency) cannot be completely discounted, there is strong evidence that sea temperatures close to the islands continue to rise (Mélice et al. 2003) and top predators from PEI are considered likely to be influenced significantly by such warming. Here we used temperature data recorded in situ to model the influences of temperature at depth and other variables on the dive behaviour of Marion Island elephant seals.
MATERIALS AND METHODS

Deployments
We deployed 59 satellite-relay data loggers (SRDLs) (Sea Mammal Research Institute, University of St. Andrews, Scotland) between 2004 and 2008 on southern elephant seals hauled out at Marion Island (46°54' S; 37°45' E). Animals were immobilised following the method of Bester (1988) , and SRDLs were glued to the dorsal, cranial pelage as detailed by McIntyre et al. (2010a) . Two SRDL models were used, namely the Series 9000 SRDL and CTD-SRDL. Series 9000 SRDLs recorded and transmitted, via Service Argos (Argos 1996), abstracted dive profiles and temperature profiles with an accuracy better than 0.01°C (Boehme et al. 2009 ). CTD-SRDLs were additionally fitted with a conductivity sensor (Valeport, Boehme et al. 2009 ). Location estimates for animals were obtained via Service Argos and interpolated locations attributed to individual dive profiles by the manufacturers (Sea Mammal Research Institute). All dive, temperature and conductivity data, as well as the related meta-information, are available via the PANGEA information system (http://pangaea.de).
Dives/temperature profiles
We calculated local times and local times of sunset and sunrise for each transmitted dive profile, using the 'maptools' package in the R environment (LewinKoh & Bivand 2008 , R Development Core Team 2008 . Each dive was accordingly labelled as having taken place either during daytime, night-time, or during sunset/sunrise (sunset/sunrise was defined as the period falling within 30 min before and after the calculated time).
Transmitted dive and temperature profiles do not necessarily correspond temporally or spatially with one another, since information is compressed and stored temporarily in a buffer on board the SRDLs prior to transmission (Boehme et al. 2009 ). We therefore calculated daily averaged values of various dive parameters and temperature profiles in order to make them comparable and further to eliminate potential biases due to variable uplink rates. To account for expected differences in dive characteristics between different oceanographic zones, we assigned each dive day to a frontal zone based on the averaged location of uplinks received for the particular day and estimated frontal positions following Belkin & Gordon (1996) . Accordingly daily locations were classified as either occurring north of the SAF, between the SAF and the Antarctic Polar Front (APF), or south of the APF.
Elephant seals from Marion Island have been documented to display positive, as well as negative diel vertical migration (i.e. positive = diving deeper during the day compared to night-time; negative = diving deeper at night compared to daytime) patterns in dive depths whilst foraging pelagically (McIntyre et al. 2011) . A diel vertical strategy (DVS) was therefore assigned to each dive day. Accordingly, seals were considered to make use of a positive DVS if the difference between mean dive depths during the day (−SE) and mean dive depths at night (+ SE) exceeded 25 m. If this difference was smaller than −25 m (i.e. the seal dived substantially deeper at night, compared to during the day) a negative DVS was attributed, and if this difference was between −25 m and 25 m, the seal was considered to make use of a neutral DVS. A cut-off value of 25 m was chosen as representing a value of approximately 5% of the mean dive depths of southern elephant seals from this population (McIntyre et al. 2010a) .
A time-at-depth index (TAD) was calculated following Fedak et al. (2001) , providing a depth-and duration-independent index, indicating the relative depth where an animal centred its activity. Accordingly, values close to 1 are indicative of an animal maximising the amount of time close to the maximum depth of a dive. Values approaching 0.5 are indicative of an animal spending more or less equal amounts of time at all recorded dive depths and values closer to 0 are obtained when an animal spends most of the dive time close to the sea surface and only makes a short excursion to the maximum depth recorded. Since elephant seal dives can be classified into various 'types', based on their time−depth characteristics , Jonker & Bester 1994 ), we restricted the daily averaged TAD values to specific dive types thought to have a foraging purpose. We used a method that employs Breiman's random forest (RF) algorithm (Breiman 2001) to classify each dive into 1 of 6 recognized types, namely square (SQ), root (R), drift (DR), U-shaped (U), V-shaped (V) and wiggle (W) dives (see Photopoulos 2007 , McIntyre et al. 2011 . A total of 18 derived variables were used for the RF classification. The RF tree-building method was employed using the 'randomForest' package in R (Liaw & Wiener 2002) . We restricted the calculations of averaged TAD values to U-and W-shaped dives. SQ dives were not included in our analyses, since they made up a very small proportion (<1%) of dives classified. We further calculated the daily ratio of U-and W-shaped dives (combined) as a proxy for frequency of forage-type diving. A summary of derived dive and temperature parameters is provided in Table 1 .
Temperature profiles were inspected visually in Ocean Data View (Schlitzer 2002) and unrealistic or incomplete profiles removed. Profiles were considered unrealistic when they contained extreme outlying values (<−3°C or >15°C) and/or values within the same profile that differed by more than 40% from preceding and subsequent values. Most of the temperature profiles obtained in the Southern Ocean are characterised by a maximum temperature (T max ) layer occurring relatively close to the surface (Pollard et al. 2002) . Since southern elephant seals spend more than 80% of their time at sea at depths deeper than 100 m (McIntyre et al. 2010a), we calculated the maximum temperature recorded at depths exceeding 100 m (T max 100) for each of the recorded temperature profiles. These values were then averaged to obtain daily averaged T max 100 values, as well as mean depth values where the T max 100 was recorded (T max 100.depth). Temperature characteristics at depth were assumed not to differ significantly between day and night.
Dive durations recorded by the female elephant seals in our sample generally increased initially dur-ing migrations, and was followed by a decrease from approximately 150 d into the migration, prior to returning to Marion Island. We therefore restricted the females' dive duration data used in the linear mixed models (see below) to data obtained within the first 150 d of individual migrations to satisfy model assumptions. Mean dive depths recorded for male seals were log-transformed to account for very deep dives recorded by one seal in the sample (details reported in McIntyre et al. 2010a ).
Statistical analyses
We used linear mixed effects models to model the influences of age class, migration stage (PM or PB), track day (TDAY), frontal zone of dive location (FZ: north of SAF; between SAF and APF; or south of APF), bathymetry (seafloor depth), DVS, T max 100 and T max 100.depth on various dive parameters (dive depth, dive duration and TAD). Dive depths and dive durations were separated by day-stage (night and day) to account for expected differences in values due to diel vertical migration (Jonker & Bester 1994 , Bennett et al. 2001 . Since southern elephant seals are known to segregate sexually in depth use patterns (McIntyre et al. 2010b) , we analysed data separately for males and females. Mixed models allow for the unbalanced design resulting from our sample, as well as the explicit modelling of temporal autocorrelation inherent to our data (Pinheiro & Bates 2004 , Bolker et al. 2009 ). They further allow for variance differences between random variables (individual animals in our sample). Maximum likelihood estimation was employed following Bolker et al. (2009) .
We employed second order Akaike's information criterion (AIC c ) statistics for small sample sizes (Burnham & Anderson 2002) to govern model selection. Best models were chosen using backward selection starting with full models that included all fixed effects. Various plot types were used to assess model fits (Pinheiro & Bates 2004 , Crawley 2007 (Bolker 2008 , Bolker et al. 2009 ). We also carried out variance components analyses on the final models to estimate the variation explained by random effects (Bunnefeld et al. 2009 ). All statistical analyses were carried out in R version 2.7.1 (R Development Core Team 2008), with significance set at p ≤ 0.05. Unless otherwise stated, summary statistics are reported as means ± SD.
ARGO data
The ARGO float programme provides an extensive year round dataset of the world's oceans, and in particular provides information in parts of the ocean difficult to map such as the Southern Ocean and the south Indian Ocean (Roemmich & Owens 2000 , Roemmich et al. 2004 . ARGO floats provide high quality temperature and salinity profiles for the top 2000 m of the ocean, plus mid-depth drift trajectories, every 10 d. ARGO's objective is to build and maintain a 3000 float array (Wilson 2000) . For this study, quality controlled temperature profiles from ARGO float data were obtained from the Global Marine ARGO atlas (Roemmich & Gilson 2009) 
RESULTS
Early tag failure (within 30 d from deployment) and/or failure of temperature probes on 15 satellite tags resulted in data being retained from 44 deployments. Eight animals were instrumented multiple times and 2 instruments continued functioning over 2 subsequent migrations (PM and PB). This resulted in data being retained for analyses from 46 tracks, resulting from 44 deployments made on 33 individual animals. Females accounted for 27 (PM = 19; PB = 8) of the tracks, while males accounted for 19 (adult males PM = 5; adult males PB = 4; subadult males = 10) of the tracks analysed here. We did not distinguish between age classes for female southern elephant seals, since our sample did not allow for the adequate quantification of subadult female (n = 2) dive characteristics. Summary dive statistics for these tracks are reported in Table 2 .
Most of the animals in our sample travelled in westerly and south-westerly directions away from Marion Island during their foraging migrations (Fig. 1) . One subadult male travelled in an easterly direction, however, toward Îles Crozet. More detailed analyses of dive behaviours recorded by southern elephant seals in this sample are reported elsewhere (McIntyre et al. 2011) .
Full models for dive parameters included age class (restricted to models for male dive parameters), FZ, migration, DVS, bottom depth, T max 100 and T max 100.depth as fixed effects. Individual was included as random effect in all models. Autoregressive moving average autocorrelation functions were incorporated in all models with best fits to account for the inherent temporal autocorrelation evident in the data (Pinheiro & Bates 2004) (Table 3) .
Dive depths
Model results indicated that dive depths recorded during both day-and night-time for both sexes were 261 Males (n individuals = 15) Females (n individuals = 18) Adults Subadults Adults Subadults (n individuals = 7) (n individuals = 9) (n individuals = 17) (n individuals = 2) PM (n tracks = 5) PB (n tracks = 4) (n tracks = 10) PM (n tracks = 17) PB (n tracks = 8) (n tracks = 2) Table 3 . Summary of models with best fits. ΔAIC c = the difference in AIC c between the final model and the initial full model, containing all parameters; RE = random effect. Correlation structures for all final models were autoregressive moving average (ARMA) functions significantly influenced by DVS (Tables 3 & 4) . Dive depths recorded during day-and night-times for both males and females were also significantly influenced by T max 100 (Tables 3 & 4) . A positive relationship was evident in all cases, with dives being deeper in warmer water temperatures (for example Fig. 2 ). Model coefficients indicated that this relationship was stronger for females (daytime = 9.24; night-time = 10.14) than for males (daytime = 0.03; nighttime = 0.03). Mean night-time dive depths undertaken by both sexes were also significantly influenced by T max 100.depth, dives becoming shallower when the T max 100.depth was deeper (though maximum night-time dive depths were deeper than T max 100.depth in 96% of the dives recorded).
Female day-and night-time dive depths were further significantly influenced by TDAY and bottom depth. Both these variables exhibited a positive relationship with dive depth, with recorded dives being deeper in areas with deeper bathymetry (higher bottom depth values), and also becoming deeper as tracks become longer. Male night-time dive depths were also significantly influenced by bottom depth, though model coefficients indicated this influence to be small (< 0.00). Male daytime dive depths were additionally influenced by migration stage, with deeper dives recorded during PM migrations (687.6 ± 194.8 m) than during PB migrations (473.1 ± 101.5 m).
The random effects (track) explained between 0 and 4.4% of the variance in female dive depths, but between 11.8 and 44.2% of the variance in male dive depths (Table 3) .
Dive durations
Excluding night-time dives undertaken by male seals, dive durations were significantly influenced by T max 100 (Tables 3 & 4) . This relationship was positive for all daytime dives, resulting in longer dives being undertaken when T max 100 increased. However, a negative relationship was evident for night-time dives undertaken by seals and dives were shorter when T max 100 increased. Model coefficients indicated that these relationships were slightly stronger for males, than for females (Table 4) . Male night-time dive durations were further influenced by migration stage and age class. PM dives (27.5 ± 9 min) were longer than PB dives (24.4 ± 5 min), and dives performed by adult males were longer on average than subadult males (adults: 28.4 ± 7.7 min; subadults: 26.7 ± 9 min). Female night-time dive durations also differed between migration stages (PM: 25.3 ± 7.1 min; PB: 16.3 ± 3 min). While migration stage was included in the most parsi monious model for female night-time dive durations, F-test results indicated this effect not to be statistically significant (Table 4) .
Dive durations recorded for day-and night-time dives by both sexes were significantly influenced by DVS and TDAY (Tables 3 & 4) . Dive durations displayed a positive relationship with TDAY, becoming longer as TDAY increased. DVS influenced dive durations in a similar manner to dive depths. Daytime dive durations were longer when animals displayed positive DVS (males: 36.5 ± 10.1 min; females: 33.6 ± 9.4 min) than when they displayed neutral (males: 34.8 ± 12 min; females: 32 ± 10.9 min) or negative (males: 35.2 ± 12 min; females: 28.5 ± 11.8 min) DVS. Night-time dive durations were longer when animals displayed negative DVS (males: 32.8 ± 9.1 min; females: 27.1 ± 8.6 min) when compared to night-time dives while animals displayed neutral (males: 26.7 ± 8.4 min; females: 24.8 ± 7.6 min) or positive (males: 25.6 ± 8 min; females: 23.7 ± 7.1 min) DVS.
The random effects (track) ex plai ned less than 0.01% of the variance in female dive durations, and between 16.7% and 37.9% of the variance in male dive durations (Table 3) .
TAD
All TAD values were significantly influenced by T max 100 (Tables 3 & 4) . TAD values approached values of approximately 0.5, as T max 100 values increased, while cooler T max 100 values were associated with TAD values closer to 1 (for example Fig. 3) . This relationship was stronger in dives recorded for females (coefficient = −0.01) than for males (coeffi- (Table 3) .
Ratio of U-and W-shaped dives
The distributions of data relating to the ratio of U-and W-shaped dives were non-normal (also after various transformations) and did not allow for the modelling of this variable in relation to other parameters. However, plots of this ratio in relation to the TAD values of U-and W-shaped dives did not indicate any clear relationship between these parameters (Fig. 5) . Most of the dives were classified as either U-or W-shaped (daytime: 95%; night-time: 94.3%) ( Table 2 ) and no increases in occurrence of these dive types were evidently associated with specific TAD values.
DISCUSSION
The diving behaviour of southern elephant seals from Marion Island is influenced by factors such as migration stage, track day, bathymetry, DVS and TAD. Variation in the dive behaviour of animals also exists between individuals and this plays an important role in explaining the models.
Influence of T max 100
Our results clearly illustrate a link between water temperatures at depths greater than 100 m and the dive behaviour of Marion Island southern elephant seals. Best models indicated that T max 100 significantly influenced dive depths, dive durations (except male, night-time dive durations), as well as the relative portions of time animals spent at the targeted depths of dives (TAD). This relationship was stronger for female seals, compared to males (Table 3) gesting that increases in water temperature result in females increasing their dive depths proportionally more than males. The positive relationship of daytime dive durations with T max 100 was expected, given that deeper dives are mostly associated with increases in dive duration (Bennett et al. 2001) . However, a less clear relationship existed between nighttime dive durations exhibited by females and T max 100, where animals appeared to dive for slightly shorter periods of time when T max 100 increased (though still to deeper depths). Further investigation into the potential role of displaying negative DVS may clarify this. Dive durations in southern elephant seal females tend to be positively related to body size , Irvine et al. 2000 , Hassrick et al. 2010 . Unfortunately, body size or condition data were unavailable for many of the seals in our sample and we were, therefore, unable to quantify the influence of differences in body size on their dive behaviour. The depth at which T max 100 values were recorded (T max 100.depth) was less often related to dive parameters in our study. Night-time dive depths did exhibit a significant positive relationship with T max 100.depth, indicating that seals tended to dive deeper when the T max 100 water layer occurred at increased depths. The influence of T max 100.depth on dive depths was substantially less in all cases than the T max 100 values themselves. While the Southern Ocean is characterised by thermal stratification in near surface waters, particularly in the Subantarctic (Pollard et al. 2002) , comparatively weaker differences are observed at depth (Anilkumar et al. 2006) . This may explain the general lack of influence of T max 100.depth in our models. It further suggests that Marion Island elephant seals appear not to target vertical discontinuities in the thermal properties of water masses, as observed for one seal from South Georgia (Boyd & Arnbom 1991) . Similar results to the present study have been reported for northern elephant seals Mirounga angustirostris (Hakoyama et al. 1994) .
Increased water temperatures at depth also influence dive type. Both male and female seals undertook dives with more equal distributions of time spent at the various depths encountered in areas with increased water temperature (dives approaching V-shapes) (see Figs. 3 & 4) . Since night-time dives tended to be deeper, but shorter in areas with warmer water, animals were able to spend more time at targeted dive depths in colder waters, resulting in dives tending to TAD values closer to 1 in areas with cooler water. We restricted the TAD models to dives that were identified as being U-or W-shaped dives, and likely to have a foraging purpose. Within this category of dives, the seals in our sample spent proportionally less time at depth in areas with increased water temperature, when compared to colder areas. We did not assess foraging success in this investigation, though a number of proxies for foraging success have been proposed (see for example Robinson et al. 2010 and the references therein). However, the reduction in time spent at depth when animals were encountering warmer water masses suggests a smaller likelihood of successful foraging in such environments. It is possible that elephant seals may compensate for being less able to spend time at targeted depths (while performing forage-type dives) by either increasing the absolute number of dives undertaken or by increasing the ratio of forage-type dives in relation to other dive types. Since satellite-uplink rates were variable throughout migrations, we did not have information available regarding the absolute number of dives performed by individuals during specific portions of tracks. The nature of the data relating to the relative proportions of various dive types exhibited further did not allow for the modelling of dive-type ratios in relation to TAD of foragetype dives. However, plots of this data in relation to TAD seem to indicate no pattern of compensating for less time at targeted depths by increases in foragetype dives. Our analyses could not exclude such a strategy within a statistical framework and more investigations using archival data recorders may clarify this further.
The effect of temperature on elephant seal dive behaviour is likely due to the influence of temperature on the distribution of prey species. The Southern Ocean is warming (Gille 2002) , and climate models predict that this warming is likely to continue (Solomon et al. 2009 , Trathan & Agnew 2010 . However, an acute limitation on studies of the Southern Ocean is its severe inaccessibility, especially during austral winter, resulting in the reliance on long-term climatic model data, rather than shipboard observations. The design of ARGO was to provide greatly improved spatial and temporal sampling in remote and harsh regions where observations have been severely hampered. Recently, using combined ARGO and XBT data, an increase in the upper layer (top 700 m) heat anomaly of 0.64 W m −2 over the past 16 yr was demonstrated (Lyman et al. 2010) . At the PEI, this warming trend is certainly evident in daily sea surface temperature readings, which increased by 1.4°C over a 50 yr period (Mélice et al. 2003) . Furthermore, ARGO data for the period 2004 to 2010 also indicated an increase of 0.15°C in the Subantarctic zone in the top 600 m (Fig. 6 ). Although this record is only for the past 8 yr, it does compare well to model data, which shows a significant southward shift in the subsurface expression (z = 400 m) of the SAF (E. L. Allen et al. (Schmidtko & Johnson in press) has shown that the strongest warming trend in the upper 1000 m is found directly north of the SAF (Gille 2002) , and compares well with the warming trend observed in Fig. 6 . One impact of this warming has been a change within the species composition of the zooplankton. A recent review (Pakhomov & Chown 2003) of their composition around the PEI suggests that the contribution of Antarctic species has decreased by approximately 20% since the 1980s. In contrast, subtropical species (indicative of warmer water masses) have increased from 6% to 26%. This finding is further supported by incidental catches of subtropical fish species in the Polar Front Zone (PFZ) during longline fishing. Thus, it is clear that warming will lead to changes in the distribution of fish stocks, and a likely general poleward shift in fish distributions, accompanied by fish occurring at deeper depths (Perry et al. 2005 , Dulvy et al. 2008 , Nye et al. 2009 ). While the diet of southern elephant seals at Marion Island is poorly known, results from other investigations indicate that southern elephant seals largely predate on myctophid fish and squid (Slip 1995 , Lewis et al. 2006 , Cherel et al. 2008 , Bailleul et al. 2010a ). An increase in temperature in the top 1000 m will certainly influence the foraging behaviour of the Prince Edward Island's top predators, which could respond by either shifting their foraging grounds polewards or adapting their dive behaviour. Since southern elephant seals exhibit plasticity in forage strategies, it has been suggested that they may be able to adapt relatively easily to environmental changes (Biuw et al. 2010) . However, the southern elephant seals of Marion Island represent one of the most northern breeding colonies of this species and are, together with animals from neighbouring Prince Edward Island, comparatively isolated (closest landfall being Crozet islands ~1000 km east). While they are wideranging animals, sometimes travelling as far south as the Antarctic continental shelf, this behaviour is not common and most animals forage primarily pelagically in inter-frontal zones (this study, Jonker & Bester 1998 , Tosh 2010 , McIntyre et al. 2011 . The location of their terrestrial breeding habitat potentially limits their ability to undertake range shifts, thus necessitating the seals to adapt their dive behaviour. Elephant seals from Marion Island are known to be extreme divers, generally diving deeper than has been recorded for other populations (McIntyre et al. 2011) . Shifts in the vertical distribution of prey species due to changes in water temperature may therefore lead to seals having to dive even deeper (requiring longer dive durations), resulting in greater physiological costs associated with diving. This effect may be greater in female southern elephant seals than males. While we did not record behaviour from juvenile animals in our sample, it is expected that such influences may be even greater on juveniles due to their reduced diving capabilities (Field et al. 2005 ).
Influence of DVS
The seals in our sample exhibited a range of diel diving strategies, ranging from positive (deeper dive depths during the day, when compared to night-time dives) to negative (deeper dive depths during the night, when compared to daytime dives) strategies. While the positive DVS is common amongst elephant seals that forage in pelagic environments (Hindell 1991 , Jonker & Bester 1994 , the negative strategy is less common and has only recently been described for seals from Marion Island (Jonker 1997 , McIntyre et al. 2011 . DVS predictably influenced both the depth and durations of dives made by seals in our sample. Seals further tended to spend more time at depth (with calculated TAD values closer to 1) when exhibiting a positive DVS. The differences in TAD values obtained for elephant seals exhibiting different diel strategies indicate that elephant seals are able to spend more time at targeted depths, when exhibiting positive strategies, compared to neutral or negative strategies. Since little dietary information is available for this population of southern elephant seals, interpreting the differences in DVS is difficult. Undertaking dives with lower TAD values that approach 0.5 (i.e. displaying a time−depth profile that approaches a V-shape) is normally considered to represent exploration-type dives that likely carry substantial physiological costs (given that little to no foraging takes place). Explaining why an increase of such dive behaviour is associated with the neutral or negative DVS will require more information related to prey species taken (and quantity) whilst displaying such different strategies.
Influence of migration stage
Differences in dive behaviour between migration stages were evident in night-time dive durations and TAD values attained by male southern elephant seals. Males made longer night-time dives during PM trips when compared to PB trips. Males tracked on PB migrations were older than males tracked on PM migrations (PB = 9.4 ± 1.6 yr; PM = 5.4 ± 2.5 yr), suggesting that males on PB migrations in our sample were likely to be larger than males tracked on PM migrations. Since PM males dived for longer than PB males, irrespective of body size, the shallower dives observed during PB migrations may be due to a loss of body condition and fitness resulting from participating in the breeding haulout (Carlini et al. 2004 , Galimberti et al. 2007 ). Furthermore, dive durations increase as migrations progress (Bennett et al. 2001) , and since the PB migrations are shorter than the PM migrations, animals have less time available to them in the PB migrations to improve their fitness enough to sustain longer dive durations. An alternative explanation may be that food resources are more readily available in the austral summer, not requiring such long dives. Also, variations in day length between migration stages are likely to influence the diel patterns of vertically migrating prey, influencing the observed dive behaviours. We did not account for variations in day length here. Adult male seals also spent more time at depth during PB migrations (higher TAD values), compared to PM migrations. Shallower dives during PB migrations may allow the seals greater amounts of time at targeted depths, accessing readily available food resources and thereby resulting in more dives with TAD values closer to 1.
Female elephant seals in our sample also exhibited differences in dive duration between migrations, though the influence of migration stage was not identified as a significant influence in the most parsimonious model. Dive durations are known to be influenced by body size and condition (Irvine et al. 2000 , Hassrick et al. 2010 . It is therefore likely that the differences observed in dive durations are due to differences in condition upon departing for PM versus PB migrations. Our results could not, however, exclude the possibility of differences in forage strategy and/or diet, or the influence of day length variation, between the migration stages affecting the dive durations of Marion Island elephant seals.
Influence of track day
Track day had a significant influence on various dive parameters modelled here, including all models for dive durations, and dive depths of female southern elephant seals. Dive durations tend to increase as a function of time during migrations, and could be as a result of increases in muscle oxygen storage ability and fitness (Bennett et al. 2001) . Track day influences on the dive depths of female southern elephant seals may be related to the influences of track day on dive durations of this group. This may indicate that dive depths are further constrained by physiological ability of female elephant seals.
CONCLUSION
Elephant seals routinely dive beyond their calculated aerobic dive limits (Butler 2006) and are capable of tolerating extreme hypoxemia (Meir et al. 2009 ). Our results suggest that southern elephant seals from Marion Island tend to dive deeper and spend less time at targeted depths in warmer water bodies. This is likely the result of vertical shifts in the distribution of preferred prey in relation to water temperature. Under current climate predictions, the world's oceans will continue warming and prey distributional shifts due to ocean warming will likely lead to the Marion Island elephant seals having to either shift their migration ranges poleward, or target deeper water layers. Shifts in migration ranges (particularly the shorter PB migrations) may be constrained by the comparatively low latitude of the PEI, necessitating deeper diving strategies. Since the Marion Island elephant seals are possibly diving close to their physiological limits under current conditions, such deeper diving may lead to greater longterm physiological costs and decreased survivorship in this population. Investigations to determine the preferred prey species of southern elephant seals (and their respective habitat preferences and thermal tolerances) are required to better quantify the potential impacts of climate changes on the foraging behaviour of this marine predator. 
